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Abstract
Quarkonium production in high-energy hadronic collisions provides a fundamental test of QCD. Its modification in a
nuclear medium is a sensitive probe of the space-time temperature profile and transport properties of the QGP, yield-
ing constraints complementary to the ones obtained from the quenching of light hadrons and jets, and open heavy
flavor. In these proceedings, we report new results for the suppression of high transverse momentum charmonium
[J/ψ, ψ(2S )] and bottomonium [Υ(1S ), Υ(2S ), Υ(3S )] states in Pb+Pb collisions at the Large Hadron Collider. Our
theoretical formalism combines the collisional dissociation of quarkonia, as they propagate in the quark-gluon plasma,
with the thermal wavefunction effects due to the screening of the QQ¯ attractive potential in the medium. We find that a
good description of the relative suppression of the ground and higher excited quarkonium states, transverse momentum
and centrality distributions is achieved, when comparison to measurements at a center-of-mass energy of 2.76 TeV is
performed. Theoretical predictions for the highest Pb+Pb center-of-mass energy of 5.02 TeV at the LHC, where new
experimental results are being finalized are presented. Preliminary calculations for smaller systems, such as Xe+Xe
are also shown. Last but not least, the potential of jet substructure to shed light in the mechanisms of heavy flavor
production is discussed.
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1. Introduction
Dissociation of the J/ψ and the Υ meson families in the quark-gluon plasma (QGP) created in heavy
ion collisions (HIC) can help us characterize its properties. In particular, quarkonia are sensitive to the
space-time temperature profile and transport coefficients of the QGP, as recently summarized in [1]. Ex-
perimentally, an important observable that carries such information is the nuclear modification factor of the
yields of quarkonia in nucleus-nucleus (AA) collisions, when compared to their yields in nucleon-nucleon
(NN) collisions scaled with the number of binary interactions
RAA =
1
〈Ncoll.〉
dσQuarkoniaAA /dydpT
dσQuarkoniapp /dydpT
. (1)
The theory of quarkonium production is non-relativistic quantum chromodynamics (NRQCD) [2] and it
is applicable at moderate transverse momenta. It is expected that in HICs the very short distance formation
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Fig. 1. Left panel: Υ yields multiplied by B(Υ→ µµ) ' B(Υ→ ee) ' 2.48% for all three states. Theory comparison to data from the
TeVatron at 1.8 TeV [9] is shown. Right panel: Comparison of theoretical results for the Υ(nS ) RAA in 2.76 TeV minimum bias Pb+Pb
collisions versus pT to CMS experimental measurements [10].
dynamics of a QQ¯ pair is not affected since mQ  T , where T is the typical QGP temperature. As the
proto-quarkonium states propagate in matter, they interact with its quasiparticles. The process of collisional
dissociation reduces the observed cross sections in the final state and the formalism was first developed for
open heavy flavor, i.e. D-mesons and B-mesons [3, 4]. In Ref. [5] this approach was extended to quarkonia,
though it failed to quantitatively reproduce the large J/ψ suppression in central Pb+Pb reactions at the LHC
and the larger attenuation of the excited Υ states. One conceptual change in this framework is that now we
solve for the evolved quarkonium wavefunction and square the overlap with the thermal wavefunction to get
the survival probability [6]. This way, we also include the screening of the color interaction between Q and
Q¯ in a deconfined QGP [7].
Production of quarkonia bears certain similarities with the production of open heavy flavor and its mod-
ification in the QGP that we are just beginning to explore. We also present a new way to study the QCD
dynamics of heavy quarks using heavy flavor tagged jet substructure [8].
2. Theoretical formalism
In NRQCD, the QQ¯ pair is produced in a color-singlet or an octet state with a specific spin and orbital
structure. It evolves into a quarkonium state with probabilities that are given by long distance matrix ele-
ments (LDMEs). For color-octet states, this evolution process also involves the emission of soft partons to
form a net color-singlet object which we assume occurs on a time scale which is shorter than O(1 fm). We
build upon the NRQCD calculation of [5] and use the LDMEs extracted there to obtain good description of
the cross sections for bottomonia for pp and pp¯ collisions for pT in the range of 5 to 30 GeV. For charmonia
we improve the χc fitting procedure by allowing the singlet matrix element to be a free parameter. We also
refit the ψ(2S ) by using the LHC 7 TeV and CDF 1.8 TeV data. An example of the Υ(nS ) cross sections
we get in comparison to the TeVatron data [9] is given in the left panel of Fig. 1. We note that precise pT -
dependent feeddown from excited to lower-lying quarkonium states in our work is enabled by the NRQCD
calculation.
As mentioned in the introduction, we take into account thermal screening and collisional dissociation
of quarkonia. We determine the J/ψ ands Υ families’ properties by solving the the Schro¨dinger equation
at zero and finite temperature. The wavefunctions ψi(∆k, x) of proto-quarkonia are initialized with a width
Λ0 ≡ Λ(T = 0). This is a natural choice since in the absence of a medium it will evolve on the time-scale
of O(1fm) or greater into the observed heavy meson. By propagating in the medium this initial wavefunc-
tion accumulates transverse momentum broadening χµ2Dξ. The probability that this QQ¯ configuration will
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Fig. 2. Left panel: theoretical model predictions for the double (ψ(2S )AA/(ψ(2S )pp)/(J/ψAA/(J/ψpp) ratio in minimum bias Pb+Pb
collisions at
√
S = 2.76 TeV at the LHC. Data is from CMS [12]. Right panel: The modifications of the splitting functions for heavy
flavor tagged jet at
√
sNN = 200 GeV Au+Au collisions.
transition into a final-state heavy meson with thermal wavefunction ψ f (∆k, x) with Λ(T ) is given by
P f←i(χµ2Dξ,T ) =
∣∣∣∣∣ 12(2pi)3
∫
d2kdxψ∗f (∆k, x)ψi(∆k, x)
∣∣∣∣∣2
=
∣∣∣∣∣∣∣ 12(2pi)3
∫
dx Norm fNormi pi e
− m
2
Q
x(1−x)Λ(T )2 e
− m
2
Q
x(1−x)Λ20
2[x(1 − x)Λ(T )2][χµ2Dξ + x(1 − x)Λ20]
[x(1 − x)Λ(T )2] + [χµ2Dξ + x(1 − x)Λ20]
∣∣∣∣∣∣∣
2
. (2)
In Eq. (2) Normi is the normalization of the initial state, including the transverse momentum broadening
from collisional interactions, and Norm f is the normalization of the final state. We describe production and
dissociation of quarkonium states by a set of coupled rate equations[5, 6] that describe their evolution in a
QGP modeled by EBE-VISHNU (2+1)-dimensional event-by-event viscous hydrodynamic package [11].
3. Quarkonium phenomenology
Theoretical results are obtained for all J/ψ and Υ states in Pb+Pb collisions at center of mass energies
2.76 TeV and 5.02 TeV at the LHC [6]. We find good agreement with existing data as a function of transverse
momentum and centrality and show several examples below. Recently, experimental measurements of the
differential suppression of the Υ(nS ) family have appeared at high pT [10]. Theoretical calculations for the
Υ(1S ) (red band) and Υ(2S ) (blue band) in minimum bias
√
s = 2.76 TeV Pb+Pb reactions are shown in the
right panel of Fig. 1. The experimental data is described well, including its magnitude and pT dependence.
We note that collisional dissociation mostly affects the ground Υ state, while thermal wavefunction effects
dominate the attenuation pattern of the excited Υ states. The same is true for the J/ψ states [6]. The bands
reflect the combined uncertainty of the interaction onset time tform. and the collisional dissociation of the
quarkonium states. In the evaluation of the latter we keep the coupling between the heavy quarks and the
medium fixed at g = 1.85 [5] but vary the broadening parameter ξ. The upper edge of the uncertainty band
corresponds to tform. = 1.5 fm, ξ = 1. The CMS collaboration also put an upper limit on the Υ(3S ) cross
section in Pb+Pb reactions, corresponding to an upper limit on its RAA [10]. Our calculated Υ(3S ) cross
section is consistent with this limit.
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At
√
s = 5.02 TeV, measurements of relative suppression ratios of excited to ground charmonium states
have appeared to high pT [12]. The data for ψ(2S )/J/ψ is shown in the left panel of Fig. 2. Our theoret-
ical calculations are compatible with the experimental data within the statistical and systematic error bars.
The large difference in the relative suppression of the ground and excited quarkonium states to the highest
measured pT is important because it provides essential constraints on an alternative picture of quarkonium
suppression based on parton energy loss.
4. Heavy jet substructure
To better understand the mechanisms of heavy flavor production we now turn to the substructure of
heavy flavor jets [8]. Our work builds upon Ref. [13] but includes Sudakov resummation, which is especially
important for the g → QQ¯ channel. In the kinematic domain where parton mass plays the most important
role, we predict a unique inversion of the mass hierarchy of jet quenching effects, with the modification of
the momentum sharing distribution for prompt b-jets being the largest. Numerical results for the momentum
sharing distribution ratios for heavy flavor tagged jets in Au+Au to p+p collisions at
√
s = 200 GeV are
presented in the right panel of Fig. 2. For c → cg, the p(zg) modification in the QGP is similar to the one
for light jets, however, the b→ bg channel exhibits much larger in-medium effects.
5. Conclusions
In summary, we presented theoretical results for the pT -differential suppression of charmonia and bot-
tomonia in Pb+Pb collisions at the LHC. Our calculations are based on NRQCD and capture the essential
physics of thermal and collisional dissociation of J/ψs and Υs in the QGP [6]. While an illustrative subset of
results was presented here, detailed predictions are available that will allow to test this model versus upcom-
ing experimental measurements of quarkonium suppression at
√
s = 5.02 TeV, as well as smaller systems,
such as Xe+Xe. We also presented a novel method to constrain heavy flavor production and mass effects on
parton shower formation in the QGP [8], which we expect will grow into a broad program of heavy flavor
jet substructure studies.
References
[1] A. Andronic, et al., Heavy-flavour and quarkonium production in the LHC era: from protonproton to heavy-ion collisions, Eur.
Phys. J. C76 (3) (2016) 107. arXiv:1506.03981, doi:10.1140/epjc/s10052-015-3819-5.
[2] G. T. Bodwin, E. Braaten, G. P. Lepage, Rigorous QCD analysis of inclusive annihilation and production of heavy quarko-
nium, Phys. Rev. D51 (1995) 1125–1171, [Erratum: Phys. Rev.D55,5853(1997)]. arXiv:hep-ph/9407339, doi:10.1103/
PhysRevD.55.5853,10.1103/PhysRevD.51.1125.
[3] A. Adil, I. Vitev, Collisional dissociation of heavy mesons in dense QCD matter, Phys. Lett. B649 (2007) 139–146. arXiv:
hep-ph/0611109, doi:10.1016/j.physletb.2007.03.050.
[4] R. Sharma, I. Vitev, B.-W. Zhang, Light-cone wave function approach to open heavy flavor dynamics in QCD matter, Phys. Rev.
C80 (2009) 054902. arXiv:0904.0032, doi:10.1103/PhysRevC.80.054902.
[5] R. Sharma, I. Vitev, High transverse momentum quarkonium production and dissociation in heavy ion collisions, Phys. Rev.
C87 (4) (2013) 044905. arXiv:1203.0329, doi:10.1103/PhysRevC.87.044905.
[6] S. Aronson, E. Borras, B. Odegard, R. Sharma, I. Vitev, Collisional and thermal dissociation of J/ψ and Υ states at the LHC,
Phys. Lett. B778 (2018) 384–391. arXiv:1709.02372, doi:10.1016/j.physletb.2018.01.038.
[7] T. Matsui, H. Satz, J/ψ Suppression by Quark-Gluon Plasma Formation, Phys. Lett. B178 (1986) 416–422. doi:10.1016/
0370-2693(86)91404-8.
[8] H. T. Li, I. Vitev, Inverting the mass hierarchy of jet quenching effects with prompt b-jet substructurearXiv:1801.00008.
[9] D. Acosta, et al., Υ production and polarization in pp¯ collisions at
√
s = 1.8-TeV, Phys. Rev. Lett. 88 (2002) 161802. doi:
10.1103/PhysRevLett.88.161802.
[10] V. Khachatryan, et al., Suppression of Υ(1S ),Υ(2S ) and Υ(3S ) production in PbPb collisions at
√
sNN = 2.76 TeV, Phys. Lett.
B770 (2017) 357–379. arXiv:1611.01510, doi:10.1016/j.physletb.2017.04.031.
[11] C. Shen, Z. Qiu, H. Song, J. Bernhard, S. Bass, U. Heinz, The iEBE-VISHNU code package for relativistic heavy-ion collisions,
Comput. Phys. Commun. 199 (2016) 61–85. arXiv:1409.8164, doi:10.1016/j.cpc.2015.08.039.
[12] A. M. Sirunyan, et al., Relative Modification of Prompt (2S) and J/ Yields from pp to PbPb Collisions at
√
sNN = 5.02TeV, Phys.
Rev. Lett. 118 (16) (2017) 162301. arXiv:1611.01438, doi:10.1103/PhysRevLett.118.162301.
[13] Y.-T. Chien, I. Vitev, Probing the Hardest Branching within Jets in Heavy-Ion Collisions, Phys. Rev. Lett. 119 (11) (2017) 112301.
arXiv:1608.07283, doi:10.1103/PhysRevLett.119.112301.
